To understand a physiological role of an abundant 34-kDa periplasmic protein in the denitrifying phototroph Rhodobacter sphaeroides f. sp. denitrificans grown in a medium containing malate as the carbon source, the gene for the protein was isolated. The deduced amino acid sequence of the protein had a sequence similarity of 66.2% to that of PstS from Sinorhizobium meliloti. The downstream sequence of the Rhodobacter pstS contained five genes similar to pstCAB and phoUB, and its upstream sequence contained a putative regulatory sequence that is analogous to the Pho box involved in phosphate-limitationinduced gene expression in Escherichia coli. Both the amount of the PstS and the pstS promoter-driven expression of lacZ activity increased about two-fold in response to phosphate limitation. This is the first isolation of pst genes encoding proteins of an ABC phosphate transporter system from phototrophic bacteria.
The denitrifying phototrophic bacterium Rhodobacter sphaeroides f. sp. denitrificans (Satoh et al. 1976 ) is capable of utilizing dimethyl sulfoxide (DMSO) as a terminal electron acceptor in one of its anaerobic respiration systems. DMSO reductase is the terminal reductase that is involved in the respiration located in the periplasm (Satoh and Kurihara 1987) , and we have been studying the folding mechanism of the enzyme. We found that a periplasmic fraction prevented aggregation of acid-unfolded DMSO reductase in vitro and isolated three abundant periplasmic proteins with chaperone-like activity, DppA, BztA and DctP (Matsuzaki et al. 1998 , Matsuzaki et al. 2000 . During isolation of these proteins, we found another abundant protein with an apparent molecular mass of 34 kDa with no chaperone-like activity. We determined the aminoterminal amino acid sequence of 31 residues, which had no significant similarity to any other known protein. Very recently (Capela et al. 2001) , it has been reported that the protein had a 62.2% similarity to the phosphate-binding protein PstS from Sinorhizobium meliloti.
The phosphate assimilation system is best understood in Escherichia coli, which has two major phosphate transport systems, Pst (phosphate-specific transport) and Pit (phosphate inorganic transport) systems (Willsky and Malamy 1980) . The Pst is a system with a high-affinity to phosphate and structurally similar to ATP-binding cassette (ABC) transport systems (Amemura et al. 1985 , Surin et al. 1985 , Linton and Higgins 1998 . The Pst system is encoded by the genes pstSCAB and phoU and cis-regulated by a Pho box, which also shares with the -35 region of the promoter and is activated by phosphate starvation (Makino et al. 1988 ). In addition to E. coli the Pst system has been documented in some bacteria including Bacillus subtilis (Takemaru et al. 1996) , Pseudomonas aeruginosa (Nikata et al. 1996) , S. meliloti (Bardin et al. 1996) and Streptococcus pneumoniae (Novak et al. 1999) . However, there has been no report on the phosphate transport system in phototrophic bacteria. Therefore, we attempted to characterize the system by isolating pst genes.
As shown in Fig. 1 , a 34-kDa protein was abundantly detected by SDS-PAGE in the periplasm of cells grown with malate as the sole carbon source, whereas this protein decreased or was scarcely detected in cells grown with exogeneously supplied glucose. The 34-kDa protein differed from the DctP protein that is a dicarboxylate-binding protein (DctP), as reported in R. capsulatus (Forward et al. 1997) , because the DctP protein was produced constitutively irrespective of carbon sources (Fig. 1) . Therefore, to characterize further the 34-kDa protein, the gene for the protein was isolated.
A DNA probe was prepared by polymerase chain reaction (PCR), using two oligonucleotide primers designed on the basis of a partial amino acid sequence determined for the protein. Southern hybridization with the DNA probe showed an approximately 5.3-kb XhoI fragment of R. sphaeroides f. sp.
denitrificans DNA that putatively contained the coding region of the protein. The plasmid pHRS1 containing a XhoI fragment of about 5.3-kb was isolated as a positive clone. Because the pHRS1 plasmid also did not contain the complete pst genes a plasmid pHRS2 containing a 4.0-kb EcoRI-PstI DNA fragment was isolated with a new probe that was prepared by PCR using a set of new primers, the design of which was based on the nucleotide sequence of an approximately 0.7-kb SalI-XhoI fragment. The nucleotide sequence determination revealed that the 34-kDa protein consisted of 348 amino acid residues with a putative signal peptide of 23 residues. The mature periplasmic form of the protein had a predicted molecular mass of 34,510 Da, which was consistent with the apparent molecular mass of 34-kDa determined by SDS-PAGE. The deduced amino acid sequence showed no striking identity to any other protein in the database. Some degree of sequence identity (28.3%) was observed between the 34-kDa polypeptide and SphX protein of Synechococcus species PCC7942. SphX protein is a member of a group of proteins involved in the phosphate regulatory circuit and located in the cytoplasmic membrane (Aiba and Mizuno 1994) . However, very recently we have found that the sequence had a 62.2% similarity to the putative phosphate-binding protein, PstS from S. meliloti (Capela et al. 2001) . The downstream sequence of the pstS gene appeared to contain five ORFs, pstCAB and phoUB, on the basis of similarities (more than 45%) of the deduced amino acid sequences to the orthologous genes from S. meliloti. The upstream sequence of the pstS in R. sphaeroides did not contain the phoR gene, although the phoR gene was present in S. meliloti just upstream of the pstS. The structure of the genes for the Pst system in R. sphaeroides differed from that in E. coli (Surin et al. 1985) , Bacillus subtilis (Takemaru et al. 1996) and Pseudomonas aeruginosa (Nikata et al. 1996) , with respect to the fact that phoB genes are not located just downstream of the pstSCAB genes in the latter bacteria. There was an E. coli-like -10 region (TCGCAG) extending from nucleotide -66 to -61 from the pstS transcript, although it was difficult to find a corresponding E. coli-like -35 region. The upstream sequence of the -10 region contained an 18-nucleotide region (CTGTCAC-CAAACCGCAAT) that was very similar to the Pho box which is a part of promoters for genes belonging to the Pho regulon in E. coli (Makino et al. 1988 ). However, there was only one box in R. sphaeroides, although E. coli has two Pho boxes.
The Pho regulon is usually activated only under conditions of phosphate limitation and regulates a series of genes involved in phosphate transport and utilization systems. Then, the effects of phosphate limitation on the expression of the PstS were examined (Fig. 2) . R. sphaeroides IL106 (wild-type) was cultured photosynthetically in various amounts of phosphate in malate basal salt (MBS) medium and the amount of PstS in the periplasm was examined by SDS-PAGE and immunoblotting with an antiserum against the PstS protein. Although there were detectable levels of the 34-kDa protein in cells grown in the presence of excess phosphate, the amount of the 34-kDa protein increased about two-fold in cells grown in media containing less than 96 mM phosphate. These results indicated that the expression of the 34-kDa protein was regulated by concentrations of exogeneously supplied phosphate.
To determine whether the expression of pstS responds to phosphate limitation transcriptional gene fusions were constructed between the promoter region of the gene for pstS and a promoter-less lacZ gene from pPHU235 (Hüner et al. 1991) . The resultant plasmids pABF1 and the control plasmid pPHU235 were conjugationally transferred to the wild-type strain of phototrophically grown R. sphaeroides IL106. Triplicate sets of cultures of the cells harboring the plasmid pABF1 or pPHU235 were prepared in medium containing various concentrations of phosphate and the expression of the gene was analyzed by measuring the b-galactosidase activity (Fig. 3) . The transconjugant IL106/pPHU235 showed a background level of b-galactosidase activity of about 10 units at all concentrations of phosphate tested. On the other hand, the level of b-galactosidase of the transconjugant IL106/pABF1 increased about two-to-three-fold at phosphate concentrations of less than 96 mM when compared with those at phosphate concentrations of more than 320 mM. These results were comparable to the results of expression of the protein obtained by immunoblotting analysis (Fig. 2) , indicating that phosphate limitation influenced the expression of the pstS gene at the transcriptional level.
The above results prompted us to isolate mutants of the pstS gene to examine the roles of the 34-kDa protein under conditions of phosphate limitation. When the pstS gene was disrupted by inserting an W-cassette into the wild-type gene, mutant strains showed slightly slower growth rates than the parent strain in the phosphate-limited medium (96 and 9.6 mM), while both strains grew at similar rates on 9.6 mM phosphate (data not shown). The latter result that cells with mutation in the pstS gene grew at the same rate as the parent strain in the presence of an excess of phosphate may suggest that there is another phosphate transport system in R. sphaeorides at high phosphate concentrations. In S. meliloti, E. coli and B. subtilis, another phosphate transporter, the Pit system, has been described (Qi et al. 1997 , Bardin et al. 1998 , Harris et al. 2001 , Hoffer et al. 2001 ). The Pit transport system is a lowaffinity phosphate transporter and is constitutively expressed (Willsky et al. 1973 , Rosenberg et al. 1977 , Rosenberg et al. 1979 . Therefore, when phosphate is plentiful in the medium, the Pit system becomes a major uptake system for phosphate in these bacteria and, probably, in R. sphaeroides.
The above results indicated that the pst genes are actually involved in phosphate transport when phosphate is limited. However, our observations raised two questions. First, why was the PstS protein produced at high levels in the medium containing malate as the sole carbon source and at significantly low levels in that containing glucose (Fig. 1) ? It has been reported that organic acids (acetic acid, propionic acid and n-butyric acid) have an inhibitory effect on both phosphate uptake and ATP synthesis in activated sludge (Hino and Ando 1980) . It was also reported that the E. coli phosphate starvation-inducible gene psiE is regulated by either phosphate or the carbon source in a repressive manner and that the expression of the psiE gene is under direct positive and negative control by the positive transcriptional activator PhoB for pho regulon and the negative transcriptional regulator, cyclic AMP receptor protein (CRP), involved in catabolite repression by glucose, respectively (Kim et al. 2000) . Therefore, it is also possible in this phototroph that malate inhibited phosphate uptake and eventually caused phosphate limitation inside cells, which in turn induced an increased production of the PstS protein.
Alternatively, glucose might repress production of the protein.
The second question is why PstS protein existed abundantly in the periplasm even in the phosphate-rich medium. In E. coli, PstS protein and pstS promoter activity are expressed only at the basal level in the phosphate-rich medium and induced >100-fold upon phosphate starvation (Wanner 1993) . In B. subtilis, the pstS promoter activity increases >5,000-fold upon phosphate limitation (Qi et al. 1997 ). The pstS promoter of E. coli consists of two Pho boxes in tandem (Kimura et al. 1989) . Similarly, the pstS promoter of B. subtilis contains two Pho boxes in tandem, although these Pho boxes have no sequence similarity to those in the E. coli pstS promoter (Qi et al. 1997 ). The B. subtilis pstS promoter has a strong promoter activity compared with other Pho regulon promoters such as the promoters of phoA and phoB in B. subtilis. Furthermore, there is a 7-bp spacing between -10 region and the Pho box in B. subtilis. This is different from the E. coli pstS promoter which has a 10-bp spacing. Qi et al. (1997) have discussed that both the actual sequence and the spacing may affect the expression of the pstS gene. In the pstS promoter of R. sphaeroides, there is only one Pho box with a 9-bp spacing. This might be a reason why PstS protein expressed abundantly even in the phosphate-rich medium.
A green mutant strain of R. sphaeroides f. sp. denitrificans IL106 and its mutants were grown in the MBS medium described previously (Yoshida et al. 1991) . Where indicated, 0.3% glucose was used instead of malate and 0.2% DMSO was added to the medium. For the phosphate limitation experiments, the cells used were those which had been cultured three times at the indicated phosphate concentration in screw-capped tubes (18-ml) anaerobically in the light with an inoculum of 10 ml. E. coli strains were grown in Luria broth supplemented with appropriate antibiotics (100 mg ml -1 ampicillin, 50 mg ml
kanamycin, 50 mg ml -1 spectinomycin, 20 mg ml -1 tetracycline). Preparation of the periplasmic fraction and purification of the 34-kDa protein by ammonium sulfate precipitation, Sephacryl S-200 chromatography and DEAE Sephacel chromatography were basically performed as described previously (Matsuzaki et al. 1996 , Matsuzaki et al. 1998 . The DEAESephacel chromatography fractions containing the 34-kDa protein were pooled, concentrated by ultrafiltration, resuspended in 10 mM sodium phosphate buffer (pH 7.0) and applied to a column (1.5´6 cm) of hydroxyapatite equilibrated with 10 mM sodium phosphate buffer (pH 7.0). Proteins were eluted with a linear sodium phosphate gradient of 10-100 mM in 80 ml. The 34-kDa protein was recovered in fractions eluted at sodium phosphate concentrations of 50-60 mM. The purified 34-kDa protein was used as an antigen to raise a polyclonal anti-34 kDa protein antiserum (anti-PstS protein antiserum) in rabbit. The amino-terminal amino acid sequence and the internal amino acid sequence of the purified protein were determined using the methods described previously (Matsuzaki et al. 1998) .
Standard molecular genetic techniques were used as described by Sambrook et al. (1989) . Restriction and modifying enzymes were purchased from Nippon Gene Co. (Toyama, Japan). Synthesized oligonucleotides were obtained from Invitrogen (Carlsbad, CA, U.S.A.) and Genset Co. (Kyoto, Japan). A 550-bp DNA containing the 34-kDa protein coding region was amplified from the chromosomal DNA by PCR using a set of primers (sense 5¢-ACSGTSCTSCCSTAYGCSAC-3¢ and antisense 5¢-GCSCCRTCSGTRTASAGSGTC-3¢) corresponding to the codons for the amino-terminal and the internal sequences of the protein, TVLPYAT and MTLYTDGA, respectively. PCR was performed with AmpliTaq Gold (Perkin-Elmer Applied Biosystems, Foster City, CA, U.S.A.). The 550-bp PCR product was confirmed to have the above sequences by nucleotide sequencing, and this product was cloned into the pGEM-T Easy vector (Promega, Madison, WI, U.S.A.) to generate pHRS550. To screen for restriction fragments containing the gene for the 34-kDa protein, the first probe was prepared by PCR with the same set of primers as used in a 550-bp DNA fragment and pHRS550 as a template, using a digoxigenin-11-dUTP DNA labeling kit (Roche Diagnostics, Basel, Switzerland). The plasmid pHRS1 containing an XhoI fragment of about 5.3-kb was isolated as a positive clone. Then, the plasmid pHRS2 containing a 4.0-kb EcoRI-PstI fragment was isolated with a new probe which was prepared by PCR using a set of primers (5¢-AACCCCTTCCCCAAGTCGATCTACG-ACAAC-3¢ and 5¢-TGGAAGATATGGGGTTCTGTCATCAT-GCGG-3¢) in an approximately 0.7-kb SalI-XhoI fragment. The nucleotide sequence of the cloned DNA was determined on both strands by the dideoxy-chain termination method (Sanger et al. 1977 ) with a DYEnamic ET Terminator Cycle Sequencing Kit (Amersham Pharmacia Biotech U.K. Ltd, Buckinghamshire, U.K.). Sequence comparison was performed with the BLAST program (Altschul et al. 1997) .
A 370-bp DNA fragment containing the promoter region of the pstS gene was prepared by PCR, using pHRS1 as a template and the two primers ProF (5¢-GAATTCATCTCTTTTCC-CTCTGAC-3¢) and ProR (5¢-AAGCTTGAGAAGGGACA-TGG-3¢). The PCR product was cloned into the pGEM-T EASY vector to generate pABE. Finally, pABF1 bearing the promoter region of the gene-lacZ fusion was created by subcloning a 378-bp EcoRI-HindIII fragment of pABE into the translational lacZ fusion vector pPHU235, which was originally constructed as a broad-host-range plasmid by Hüner et al. (1991) . pPHU235 and pABF1 were conjugationally transferred from E. coli S17-1 l-pir into the phototrophic strain IL106 by plate mating as described previously (Ujiiye et al. 1997) . Transconjugants were isolated as described previously (Yamamoto et al. 2001 ). b-Galactosidase activity was determined as described by Miller (1992) . Measurements were performed as described previously (Yamamoto et al. 2001) .
